The effective interactions between two test counterions and two test solvent dipoles in a semidilute/ concentrated weakly charged polyelectrolyte solution are studied using the field-theoretical approach on the mean-field level. From the effective Hamiltonians in terms of the two test counterions and the two test solvent dipoles, respectively, analytical expressions for the effective interactions in the real space are derived. It is unambiguously demonstrated that, at a ⌰ solvent condition, both the effective interactions between two counterions and two parallel-oriented solvent dipoles consist of an attractive part at intermediate distances of separation. As the electrostatic screening effect from counterions and salt ions quantified by the Debye-Hückel screening parameter becomes stronger, the magnitude of the attraction decreases and the minimum of the attractive profile shift to a shorter distance of separation. On the other hand, when the excluded volume effect is dominant, the effective interactions are purely repulsive. This nontrivial and seemingly counterintuitive result originates from the finite size effect of the monomer units of the polymer chains on the electrostatics of the polyelectrolyte solution. As the size of the monomer units goes to zero, at the ⌰ solvent condition, the effective interactions between two counterions and two parallel-oriented solvent dipoles are purely repulsive.
I. INTRODUCTION
Charged polymers or polyelectrolytes play an important role in physics, chemistry, and biology. Understanding the electrostatics of polyelectrolyte aqueous solutions is extremely important in biology because biomolecules such as DNA can be considered as polyelectrolytes. Unlike neutral polymers, the charges on the polymer chains profoundly change the conformations, dynamics, and physical properties of polyelectrolytes. [1] [2] [3] [4] [5] [6] Moreover, different from low molecular weight electrolyte solutions, there are quite a few different length scales involved in polyelectrolyte solutions, which are associated with the polymer chain configurations and the charges on the polymer chains. Thus, it is not surprising that the theory of polyelectrolytes lags far behind neutral polymers. The study of polyelectrolytes continues to be a very active research field and many interesting problems remain to be explored.
An interesting and counterintuitive phenomenon in polyelectrolyte solutions and the closely related charged colloidal systems is the like-charge attraction, which has been observed in many experiments. [7] [8] [9] [10] [11] Recently, Tata et al. reported the direct evidence for long-range attraction between two like-charged colloids. 12 In the experiment, highly charged micrometer size polystyrene particles with strongly acidic groups on the surfaces are dispersed in water with dissolved monovalent counterions. Using a confocal laser scanning microscope, it was found that the measured pair potential between two polystyrene particles has a long-range attractive component, which must be of electrostatic origin. To explain the existence of the attractive interaction between objects with the same sign of charge, various theories have been proposed where ion-ion correlations and charge fluctuations are explicitly taken into account. In most of the theoretical studies of polyelectrolytes where the electrostatics is based on either linear Debye-Hückel theory or nonlinear Poisson-Boltzmann equation, [36] [37] [38] [39] [40] [41] the screening of electrostatic interactions in the system is assumed to be due to counterions or coions from the added salt only. Boryu et al. 42 derived the expression for the screened Coulomb potential of a test charge in a weakly charged polyelectrolyte solution using the random phase approximation ͑RPA͒ and found that in some cases the potential oscillates. Muthukumar 43 studied the double screening effect in polyelectrolyte solutions, taking into account the electrostatic screening from charges on polymer chains ͑i.e., polyions͒. In Ref. 43 , by adopting a variationaltype scheme, a single labeled chain is isolated, and the effective interaction between any two segments of this chain through the field created by other polyelectrolyte chains is obtained. An important result in Ref. 43 is that the effective interaction between any two segments with charges of the same sign has an attractive part originating from the second screening. The strength and range of this attractive part depend on various parameters such as the polyelectrolyte concentration, the degree of ionization of the polyelectrolyte chain, and the salt concentration. The existence of an attractive interaction between any two segments on the labeled charged chain is not surprising because the theoretical for-mulation by Muthukumar goes beyond the mean-field theory, where correlations of ions and correlations of chain conformations are accounted for through the inclusion of vertex diagrams in the summation of the series for the effective interaction.
It is generally recognized that either the Debye-Hückel theory or the nonlinear Poisson-Boltzmann theory, both of which are mean-field theories, is unable to predict the attraction between like-charged objects such as charged surfaces. Nevertheless, it has been demonstrated that mean-field theories, such as the self-consistent field theory, are able to predict and explain interesting and counterintuitive phenomena, such as the charge inversion due to the absorption of polyelectrolyte chains onto an oppositely charged surface. [44] [45] [46] Furthermore, using the mean-field approach with the linearization of the Poisson-Boltzmann equation, Sogami and Ise calculated the pair potential between two charged spherical colloidal particles suspended in water with dissolved pointlike counterions and coions. They found from the Gibbs potential that there exists a long-range attractive electrostatic interaction between the two macroions. 47 The model developed by Sogami and Ise ͑referred to as Sogami-Ise model͒ can provide qualitative description of like-charge attraction in charged colloidal systems. 48, 49 Therefore, the existence of an attractive interaction between like charges on a test chain in a polyelectrolyte solution is plausible from a mean-field theory viewpoint.
In this paper, we investigate the effective interactions between two test mobile ions with the same sign of charges and two test solvent dipoles in semidilute/concentrated polyelectrolyte solutions using the Gaussian approximation, which essentially amounts to RPA. The effective interactions between two mobile ions with the same sign of charge and two solvent dipoles are derived rigorously in the Fourier space on the mean-field level, and analytical expressions in the real space are obtained. From the effective interactions, it is found that there exists an attractive interaction part at intermediate distances of separation between two like mobile charges or two parallel-oriented solvent dipoles. It is revealed that the attractive interaction part between two like mobile charges or two parallel-oriented solvent dipoles originates from the finite size effect of the monomers of charged polymer chains. The rest of the paper is organized as follows. In Sec. II, the effective interaction between two test counterions in semidilute weakly charged polyelectrolyte solutions is studied using RPAs. An analytical expression for the interaction in the real space is derived, which unequivocally shows that the effective interaction is attractive at intermediate distances of separation at a ⌰ solvent condition. In Sec. III, the effective interaction between two solvent dipoles is studied. An analytical expression for the effective interaction in the real space is derived, which also shows that the effective interaction between two parallel-oriented solvent dipoles is attractive at intermediate distances of separation at a ⌰ solvent condition. Finally, in Sec. IV, we draw the main conclusions of this paper.
II. EFFECTIVE INTERACTION BETWEEN MOBILE LIKE IONS IN POLYELECTROLYTE SOLUTIONS
The free energy of a polyelectrolyte solution consists of two parts: 50 the entropic contribution and Coulomb interactions. The Hamiltonian of the system can be written as
where n p is the total number of chains, a is the monomer size, N is the degree of polymerization of a chain, R ជ ␣ ͑s͒ denotes the position vector of the s monomer of the ␣th chain, is the excluded volume interaction parameter of polymer chains, E describes the Coulomb interactions, and ␤ =1/ ͑k B T͒. The Coulomb potential includes interactions between polyion-polyion pp , polyion-counterion pi , and counterion-counterion ii .
To study the effective interaction between two counterions in a semidilute/concentrated polyelectrolyte solution, let us apply the standard field-theoretical approach as outlined in Ref. 50 . In Fourier space, the following microscopic density operators can be invoked:
In the spirit of the field theory, we introduce collective density fields p ͑r ជ͒ and i ͑r ជ͒ for polyions and counterions, respectively. After the application of the standard HubbardStratonovich transformation to the canonical partition function, the free energy of the system can be written as
where F 0 is the macroscopic free energy ͑q ជ =0 ជ ͒ and the Hamiltonian due to Gaussian fluctuations is given by
where B = e 2 / ͑4⑀k B T͒ is the Bjerrum length with ⑀ as the dielectric permittivity of the medium; S p 0 ͑q ជ͒ is the bare structure factor of the polyions which is of Gaussian type for weakly charged polyelectrolyte chains; i is the number density of counterions, which is also the bare structure factor of pointlike counterions; and f denotes the averaged degree of ionization of the polyelectrolyte chains.
Integrating out the degrees of freedom of polyelectrolyte chains using the standard Gaussian integration, the effective Hamiltonian becomes
To further derive the effective interaction between any two counterions in the polyelectrolyte solution from the above Hamiltonian, the degrees of freedom due to the counterions other than these two test ions ͑or coions if monovalent salt ions are added͒ need to be further integrated out. To this end, two counterions can be picked up and are labeled with r ជ 1 and r ជ 2 , which are the position vectors of these two ions, respectively. The microscopic density operator for the rest of the counterions is defined as
Then, from Eq. ͑5͒, the effective Hamiltonian in terms of the two labeled counterions and the rest of the counterions can be written as
The density field i ͑q ជ͒ can be integrated out from the free energy functional using the standard Gaussian integration. After some simple algebra, the following Hamiltonian in terms of the two test counterions only can be obtained:
͑8͒
where 2 =4 B i , which is denoted as 0 2 . If a monovalent salt is added to the polyelectrolyte solution, 2 =4 B ͑ i +2C s ͒ with C s as the number density of the salt. From the denominator in Eq. ͑8͒, it can be seen that the electrostatic interaction between two test counterions is doubly screened by ͑1͒ the mobile ions characterized by the Debye-Hückel screening parameter 2 and ͑2͒ the charges on the polymer chains coupling the polymer chain conformations and the excluded volume interaction, as shown in the third term inside the denominator. It should be pointed out that the separation of the screening effect into the above two categories is merely meant to show its similarity to the double screening effect in Ref. 43 . In fact, a test counterion cannot distinguish the screening effects contributed from mobile ions and polyions. In this paper, because the focus is on semidilute and concentrated polyelectrolyte solutions where weakly charged polyelectrolyte chains begin to overlap with each other, it is reasonable to use averaged degree of ionization of the polyelectrolyte chains to represent the average concentration of charges on the chains, although the polyelectrolyte chains are quite sluggish to roam around in solutions compared to the pointlike ions. Local motion of the charged monomers in such concentrated solutions should render the average concentration physically meaningful on a mean-field level.
Using the explicit expression for the bare structure factor S p 0 ͑q ជ͒ for the Gaussian chain and the simplified Debye function f D ͑qR g ͒ shown below,
͑9͒
where R g denotes the radius of gyration of a Gaussian chain and is the monomer number density in the solution, the effective interaction between two test counterions in the polyelectrolyte solution can be written as
The effective interaction can be Fourier transformed from the Fourier space to the real space
where r ជ = r ជ 1 − r ជ 2 . The integration in the Fourier space can be done in the spherical coordinate system ͑q , , ͒ with the distance vector r ជ fixed along the zenith direction such that q ជ · r ជ = qr cos . Then, Eq. ͑14͒ is transformed into
The one dimensional integration over q can be done using the contour integral in the upper complex plane. Depending on the sign of the parameter C, three different cases can be identified for the integration shown in the above expression.
Case (1) . C Ͼ 0,
Case (2) . C =0,
It can be assumed that the sign of the parameter C is controlled by the Debye-Hückel screening parameter 2 . From C = 0 and the expression for C shown in Eq. ͑13͒, the following quadratic equation in terms of 2 is obtained:
Then, we have the solution for C =0, 2 = 12 Na
where 0 2 =4 B i =4 B f is the Debye-Hückel screening parameter from the counterions only.
The integral ⌬͑r͒ can be obtained using the contour integral in the upper complex plane.
Case (1) . C Ͼ 0. Using the expression as shown in Eq. ͑16͒, we have 
Finally, the effective interaction for the case C Ͼ 0 is obtained as follows:
Case (2) . C = 0. Using the expression as shown in Eq. ͑17͒, the effective interaction can be evaluated through the following integration:
Then, the effective interaction for the case C = 0 is obtained as follows:
Case (3) . C Ͻ 0. Using the expression as shown in Eq. ͑18͒, we have
Then, the effective interaction for the case C Ͻ 0 is obtained as follows:
͑29͒
The effective interaction between two mobile ions with the same sign of charges in a ⌰ solvent with = 0 can be easily obtained by setting = 0 in the above general cases.
To facilitate the analysis of the effective interaction and the screening effect, next we explore the effective interaction between two mobile ions with the same sign of charges in semidilute weakly charged polyelectrolyte solutions graphically using the analytical expressions derived above. For a ⌰ solvent, a weakly charged polyelectrolyte solution with N =10 4 , f =3ϫ 10 −3 , and a = 7.0ϫ 10 −10 m is selected for the graphic illustration of the effective interaction. At room temperature, B = 7.0ϫ 10 −10 m. The number density of monomer is chosen to be the overlapping concentration
Then, the Debye-Hückel screening parameter from the counterions only 0 2 =4 B ‫ء‬ f can be obtained. Also, from Eq. ͑20͒, the critical value of the full Debye-Hückel parameter which separates the C =0 Ͼ 0 and C =0 Ͻ 0 regions can be obtained. It is found that 0 2 Ϸ 7.5ϫ 10 14 m −2 and C =0 =0 2 Ϸ 1.7ϫ 10 16 m −2 . In Fig. 1 , the effective interaction ⌬͑r͒ is plotted against the distance of separation between two like mobile charges at a ⌰ solvent condition. From Fig. 1 , it can be clearly seen that, at intermediate separations, there is an attractive interaction between two mobile ions with the same sign of charges. As can be seen from Fig. 1 , as the DebyeHückel parameter 2 increases, the strength of the attractive interaction decreases, and the minimum of the interaction profile shifts to a shorter distance of separation. The effect of the monomer size on the effective interaction between two counterions at a ⌰ solvent condition is investigated, and the result is shown in Fig. 2 . As can be seen from Fig. 2 , when the monomer size decreases from 7.1ϫ 10 −10 to 5.0 ϫ 10 −10 m, the strength of the attractive interaction decreases and the minimum of the potential shifts to a larger distance of separation. In this paper, no approximations beyond the Gaussian approximation are invoked, and the Fourier transformation of the effective interaction is performed analytically without any approximations. Therefore, our analysis unambiguously proves that, based on the mean-field theory, an attractive interaction between two mobile like charges in a weakly charged semidilute polyelectrolyte solution at intermediate distance of separations can emerge.
The effective interaction between two mobile like charges is further investigated for the case that the excluded volume effect is dominant and is shown in Fig. 1 . In this situation, the number density of monomers is chosen to be the overlapping concentration of polymer coils in a good solvent condition As can be seen from Fig. 1 , when the excluded volume interaction is dominant, the effective interaction between two mobile like charges in the solution is purely repulsive. In this paper, it is unequivocally demonstrated that, based on a mean-field theory, at a ⌰ solvent condition, there exists an attractive interaction between two mobile like charges in a semidilute weakly charged polyelectrolyte solution at intermediate distances of separation. From a meanfield point of view, the existence of an attractive interaction part between two pointlike mobile like charges is highly nontrivial. This highlights the significant effect of the polymer chain configurations and the finite size of the monomer units on the electrostatics of a semidilute weakly charged polyelectrolyte solution. More precisely, the existence of an attractive interaction part originates from the finite size effect of the monomers of the charged polymer chains. From Eqs. ͑9͒ and ͑10͒, it can be clearly seen that, at a ⌰ solvent condition, i.e., = 0, if the monomer size goes to zero, the structure factor of the polymer chains, as shown in Eq. ͑9͒, reduces to that of pointlike charges. In essence, as the charged monomers become pointlike charges, the electrostatic screening effect of polyions is the same as simple pointlike charges with a charge valence of Nf for each polyion. Then, the effective interaction between two mobile like charges will be of the simple Debye-Hückel type, which is purely repulsive. In this situation, from Eqs. ͑9͒ and ͑10͒, the total Debye-Hückel screening parameter becomes 2 
with Nf as the total charge of one polyion. Using the method to derive the effective interaction between two counterions shown above, it is straightforward to obtain the effective interaction between two charged monomer units on a labeled chain within the mean-field level based on Gaussian approximation. It can be shown that the effective interaction between two charged monomer units on a labeled chain has the mathematical expressions similar to those shown in Eqs. ͑25͒, ͑27͒, and ͑29͒. Thus, at a ⌰ solvent condition, there is also an attractive interaction part at intermediate distance of separation between two charged monomer units on a labeled chain. To avoid redundancy, the details will not be given here.
The existence of an attractive component in the effective pair interaction between two like charges on the mean-field level revealed in this work is consistent with the Sogami-Ise model, which is also based on the mean-field theory. These two models clearly demonstrate that mean-field theories can predict the phenomenon of like-charge attraction, contrary to the general view that theories going beyond the mean-field level are required to explain such interesting and counterintuitive phenomenon. In these two models, different macroions are used to study the effective pair interaction. In Sogami-Ise model, two spherical macroions are immersed in a solution with dissolved counterions and coions from the added salt, and the motions of macroions are assumed to be adiabatically cut off from that of simple ions, whereas in the present study, the macroions are coil-like weakly charged polyelectrolyte chains, and the difference in the mobilities of polyions and simple ions are neglected. Nevertheless, in these two models, the large size disparity between macroions and simple ions is responsible for the emergence of likecharge attraction. Moreover, both models show that, as the Debye-Hückel screening effect from simple ions gets stronger, the position of the minimum of the attractive interaction shifts to a shorter distance of separation, which is consistent with the experimental observations. 48, 49 Furthermore, both models show that monovalent counterions can induce like-charge attraction, consistent with the experimental observations. 12, 48, 49 
III. EFFECTIVE INTERACTION BETWEEN SOLVENT DIPOLES IN POLYELECTROLYTE SOLUTIONS
In this section, the effective interaction between two solvent dipoles in a semidilute/concentrated weakly charged polyelectrolyte solution is derived in the real space. In Ref. 51 , the effective Hamiltonian in terms of the dipolar solvent density field was derived using the field-theoretical approach based on the Gaussian approximation. The effective Hamiltonian, as shown in Eq. ͑20͒ in Ref. 51 , is as follows:
where
A and as the number density and the magnitude of the solvent dipoles, respectively.
In the above expression, 2 denotes the total screening parameter with 2 
In Eq. ͑33͒, the collective dipolar density field A ␣ ͑q ជ͒ corresponds to the following microscopic dipolar density operator:
where n A denotes the total number of solvent dipoles in the system and j ␣ denotes the ␣ th Cartesian component of the solvent dipoles.
In order to obtain the effective interaction between two test solvent dipoles, the degrees of freedom of all the rest solvent dipoles need to be integrated out in the effective Hamiltonian. It is well known that the dipolar interaction from the solvent dipoles leads to the renormalization of the dielectric permittivity of the medium. Thus, integrating out the degrees of freedom of all the rest solvent dipoles results in the redefinition of the Bjerrum length. In Eq. ͑33͒, B = e 2 / ͑4⑀ 0 k B T͒ with ⑀ 0 as the vacuum permittivity. After integrating out the degrees of freedom of all the rest dipoles, the Bjerrum length changes to B = e 2 / ͑4⑀k B T͒ with ⑀ as the effective permittivity of the medium, which has the following expression:
The following fact about the interaction between two dipoles ជ i and ជ j can be used to derive the effective interaction between two solvent dipoles in a weakly charged polyelectrolyte solution
͑37͒
where r = ͉r ជ i − r ជ j ͉, which in the Fourier space is
where the Einstein summation over the repeated indices ␣ and ␤ is assumed. The effective interaction between two test solvent dipoles ជ i and ជ j , which is screened by the mobile ions and polyions, the polymer chain configurations coupling the excluded volume interaction, as well as all the rest solvent dipoles, in Fourier space, can be written as
where 2 is defined in Eq. ͑34͒. To obtain the effective interaction between the two solvent dipoles in the real space, the term 1 / ͑q 2 + 2 ͒ in the above equation needs to be Fourier transformed to the real space. Then, the effective interaction in the real space can be obtained as
͑40͒
where I͑r͒ denotes the Fourier transformation of I͑q ជ͒ =1/ ͑q 2 + 2 ͒. Please note that q 2 + 2 is identical to the denominator in Eq. ͑8͒ for the effective interaction between two mobile like charges in the polyelectrolyte solution. This identical form reflects the same electrostatic screening effect from the mobile ions ͓the term 2 inside the expression shown in Eq. ͑34͔͒ and the charges on the polymer chain coupling the polymer chain configurations and the excluded volume interaction ͓the second term in Eq. ͑34͔͒.
After plugging in the explicit expression for S p 0 ͑q ជ͒ and using the simplified Debye function, as shown in Eq. ͑9͒, we have
where A, B, and C are identical to those shown in Eqs. ͑11͒-͑13͒. Then, the results of the Fourier transformation shown in Eqs. ͑25͒, ͑27͒, and ͑29͒ can be directly used for I͑r͒.
To derive the effective interaction between two test solvent dipoles, as shown in Eq. ͑40͒, the second order tensor form ٌ ជ ٌ ជ I͑r͒ is obtained first. In the Cartesian coordinate system, we have the following identities:
where e ជ x , e ជ y , and e ជ z are the unit vectors in the x, y, and z directions.
Using the Fourier transformations shown in Eq. ͑25͒, ͑27͒, and ͑29͒ for the expression shown in Eq. ͑41͒, we have Case (1) . C Ͼ 0,
4r sin ͓ͪͬAsi n͓ ͱ sin͑/2͒r͔
4r sin
r ជr ជ r 3 .
͑48͒
In Eq. ͑44͒, the gradient and double gradient of the term sin͓ ͱ sin͑ / 2͒r − ͔ can be easily obtained using the expressions for the gradient and double gradient of the term sin͓ ͱ sin͑ / 2͒r͔ shown above.
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Case (2) . C =0, 
͑49͒
Case (3) . C Ͻ 0,
Note that Eq. ͑47͒ can be used to calculate the double gradient terms in the above equation. Finally, the effective interaction between two test solvent dipoles, as shown in Eq. ͑40͒, is obtained as follows.
with
and
͑55͒
with 
͑58͒
Next, we examine the effective interaction between two test solvent dipoles which orient in parallel with each other. In this situation, we have ជ i · ជ j = 2 , ជ i · r ជ = 0, and ជ j · r ជ =0. Then, the explicit expressions for the effective interaction can be written as follows.
ͬ·͓Asi n͓ ͱ sin͑/2͒r͔
͑59͒
͑60͒
Case (3) . C Ͻ 0, 
͑61͒
In Fig. 3 , the effective interactions between two parallel test solvent dipoles in a polyelectrolyte solution with N =10 4 and f =3ϫ 10 −3 at a ⌰ and a good ͑ = a 3 ͒ solvent conditions are displayed. At the ⌰ solvent condition, it can be clearly seen from Fig. 3 that there exists an attractive interaction part for the effective interaction between two parallel-oriented test solvent dipoles. As the Debye-Hückel parameter 2 increases, the strength of the attractive interaction decreases, and the minimum of the interaction profile shifts to a shorter distance of separation. On the other hand, when the excluded volume effect of polymer chains is dominant, the effective interaction between the two parallel-oriented solvent dipoles is purely repulsive. On the mean-field level, the similar counterintuitive electrostatic behaviors between two mobile pointlike ions with the same sign of charges and two parallel pointlike solvent dipoles, as shown in Figs. 1 and 3 , underscore the important roles played by the polymer chain configurations and the finite size of the monomer units, and particularly the finite size effect of the monomer units on the electrostatics of a semidilute/concentrated weakly charged polyelectrolyte solution.
For a comparison, the effective interaction form between two pointlike solvent dipoles in a polyelectrolyte solution with the size of the monomer units going to zero will be shown next. Using the expressions shown in Eqs. ͑39͒ and ͑40͒ with 2 displayed in Eq. ͑32͒, the effective interaction can be obtained from
͑62͒
After some simple manipulations, the effective interaction between two solvent dipoles in a polyelectrolyte solution where the size of the monomer units goes to zero is obtained The horizontal line is for the guide to the eyes. The unit of the x-axis is the same as in Fig. 1 . The y-axis is in units of 10 27 2 / ͑4⑀͒ m −3 .
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which is purely repulsive as expected.
IV. CONCLUSIONS
In this paper, the effective interactions between two test counterions and that between two test solvent dipoles in a semidilute/concentrated weakly charged polyelectrolyte solution are studied using the field-theoretical approach on the mean-field level. By the introduction of collective density variables, the Hamiltonian of the polyelectrolyte solution is written in terms of collective density fields based on Gaussian approximation, which amounts to RPA. After integrating out the degrees of freedom of polymer chain configurations together with the charges on the chains, all the counterions except the two labeled ones, the effective Hamiltonian in terms of the two test counterions is obtained in the Fourier space. Likewise, after integrating out the degrees of freedom of polymer chain configurations together with the charges on the chains, the counterions and all the solvent dipoles except the two labeled ones, the effective Hamiltonian in terms of the two test solvent dipoles is obtained in the Fourier space. The effective interactions between two test counterions and two test solvent dipoles are Fourier transformed to the real space, and analytical expressions for the effective interactions at different regimes of the Debye-Hückel screening parameters are obtained. The total screening parameter contains the electrostatic screening contributions from the mobile ions characterized by the Debye-Hückel screening parameter and the charges on the polymer chains coupling the polymer chain configurations and the excluded volume interaction.
From the analytical expressions for the effective interaction between two test counterions, it is unequivocally demonstrated that, at the ⌰ solvent condition, there is an attractive interaction part between any two counterions at intermediate distances of separation between the two ions. As the screening parameter increases, the magnitude of the attraction decreases, and the minimum of the attractive profile shifts to a shorter distance of separation. On the other hand, when the excluded volume interaction is dominant, the effective interaction between any two counterions is purely repulsive.
In the study of the effective interaction between two test solvent dipoles in a polyelectrolyte solution, the expression for the effective interaction between two parallel-oriented solvent dipoles is obtained. It is unambiguously shown that, at the ⌰ solvent condition, there is an attractive interaction part between two parallel solvent dipoles at intermediate distances of separation. As the screening parameter increases, the magnitude of the attraction decreases, and the minimum of the attractive profile shifts to a shorter distance of separation. On the other hand, when the excluded volume interaction is dominant, the effective interaction between two parallel solvent dipoles is purely repulsive. This paper clearly shows that the polymer chain configurations and the finite size of monomer units significantly modify the electrostatics and the effective interaction in polyelectrolyte solutions. In particular, the finite size effect of the monomer units leads to the emergence of an attractive interaction part between two like charges and two paralleloriented solvent dipoles. RPA, a mean-field theory in which charge-charge correlation is neglected, predicts that at a ⌰ solvent condition, both the effective interactions between two counterions and two solvent dipoles in a semidilute/ concentrated weakly charged polyelectrolyte solution consist of an attractive part at intermediate distances of separation. This nontrivial and seemingly counterintuitive result highlights the important role played by the finite size of monomer units in the electrostatics of polyelectrolyte solutions.
The analytical result in this paper regarding the interesting problem of like-charge attraction corroborates the theoretical study of Sogami and Ise. Both the present and Sogami-Ise models amount to linear Debye-Hückel type theories, and they unequivocally demonstrate that likecharge attraction can emerge from mean-field-theoretical considerations. Thus, both models call in question the general view that, to explain like-charge attraction, theories beyond the mean-field level have to be used, in which charge fluctuations and correlations are crucial. The present work, together with Sogami-Ise model, consistent with the experimental observations, shows that like-charge attraction can emerge for macroion solutions with monovalent counterions and coions, contrary to the frequent claim that multivalent counterions are needed to generate like-charge attraction. Furthermore, the general trend shown in this work and also in Sogami-Ise model that the position of the attractive well of the pair potential shifts to a shorter distance of separation between two like charges with the increase of the salt concentration is in accordance with the experimental observations. The present work offers an alternative view of the problem of like-charge attraction in polyelectrolyte solutions and shed new insight into the electrostatic screening effect of charges along polyelectrolyte chains from a mean-field point of view.
